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Approximately 2 billion people worldwide and a significant part of the domestic livestock are infected
with soil-transmitted helminths, of which many establish chronic infections causing substantial eco-
nomic and welfare burdens. Beside intensive research on helminth-triggered mucosal and systemic
immune responses, the local mechanism that enables infective larvae to cross the intestinal epithelial
barrier and invade mucosal tissue remains poorly addressed. Here, we show that Heligmosomoides poly-
gyrus infective L3s secrete acetate and that acetate potentially facilitates paracellular epithelial tissue

ﬁ?; gi;dS: invasion by changed epithelial tight junction claudin expression. In vitro, impedance-based real-time
Microbiota epithelial cell line barrier measurements together with ex vivo functional permeability assays in intesti-

nal organoid cultures revealed that acetate decreased intercellular barrier function via the G-protein cou-
pled free fatty acid receptor 2 (FFAR2, GPR43). In vivo validation experiments in FFAR2~/~ mice showed
lower H. polygyrus burdens, whereas oral acetate-treated C57BL/6 wild type mice showed higher burdens.
These data suggest that locally secreted acetate — as a metabolic product of the energy metabolism of H.
polygyrus L3s - provides a significant advantage to the parasite in crossing the intestinal epithelial barrier
and invading mucosal tissues. This is the first and a rate-limiting step for helminths to establish chronic
infections in their hosts and if modulated could have profound consequences for their life cycle.

© 2022 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction studied immune evasion mechanisms come into play (Behnke
et al., 2009; Harris and Gause, 2011; Reynolds et al., 2012; Harris

Chronic soil-transmitted helminth infections remain an et al,, 2014). Of note, helminth infections are different from other

immense global health problem and although not fatal, they are
associated with high morbidity rates, caused by chronic infections
often leading to anemia and malnourishment in both humans and
livestock (de Silva et al., 2003). Here, we used Heligmosomoides
polygyrus as a natural mouse helminth model organism, to explore
general mechanisms of initial host tissue invasion before the well-
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pathogen encounters as a simple measure of their size that is sig-
nificantly larger than bacteria, fungi and viruses or classical host
immune cells. Typically, helminths elicit a type 2 dominated
immune response (Anthony et al.,, 2007). However, intestinal
epithelial cells are obviously the first host contact cells of infective
larvae that need to be tackled in order to establish successful
chronic infections (Wojciechowski et al., 2009). So far intestinal
epithelial cells were functionally considered to sense parasite-
derived and damage-associated molecules and secreted alarmin
type cytokines that in turn initiate systemic type 2 immune
responses whereas local mechanisms facilitating H. polygyrus bar-
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rier penetration remain incompletely understood (Sina et al., 2009;
Wojciechowski et al., 2009; McKay et al., 2017).

Here we investigated a novel mechanism that facilitates the
first critical step of the H. polygyrus life cycle — namely host tissue
invasion. Heligmosomoides polygyrus infection was previously
shown not to cause intestinal epithelial cells (IEC) damage
(Sutton et al., 2008), suggesting that H. polygyrus enters the sub-
mucosa paracellularly. One of the molecules that we recently iden-
tified among the excretory-secretory products (ESP) of adult H.
polygyrus worms is acetate, the anion of the acetic acid and a
short-chain fatty acid (SCFA) (Zaiss et al., 2015). Acetate was also
detected within the ESP of other helminthic parasites (Tielens
et al., 2010). Moreover, as acetate was shown to elicit various
effects on epithelial and immune cells, we anticipated a potential
impact on IECs during the tissue invasion phase of H. polygyrus
(Thorburn et al., 2015).

By applying state of the art barrier assays, we describe a func-
tional role for acetate in breaching the intestinal epithelial barrier.
Our experiments delineate free fatty acid receptor (FFAR) expres-
sion on the IEC as critical for this effect as shown by FFAR loss-
of-function intestinal-organoid assays. In particular, we linked
these general mechanistic in vitro observations to the physiologi-
cally relevant issue of host tissue penetration by helminths. Our
data suggest that acetate facilitates tissue invasion of infective hel-
minth larvae through IEC tight junction degradation as a first crit-
ical step in their life cycle.

2. Materials and methods
2.1. Mice, parasites and treatments

C57BL/6] and FFAR2 /- mice were bred and maintained under
specific pathogen-free conditions at Ecole Polytechnique Fédérale
de Lausanne (EPFL) or Centre Hospitalier Universitaire Vaudois
(CHUV) at Epalinges, Switzerland. All mice were co-housed for
2 weeks prior to parasite infection and/or treatments. Where indi-
cated, mice were infected with 200 H. polygyrus L3s. For acetate
supplementation mice were fed with 150 mM acetate in the drink-
ing water. Adult worm burdens and granuloma numbers were
determined by manual counting using a dissecting microscope.

2.2. Flow cytometry

Spleens and lymph nodes were crushed on 40 pm gauze and fil-
tered through 40 pm gauze (BD Biosciences, Franklin Lakes, NJ,
USA). Single-cell suspensions were then stained for flow cytometry
with the following antibodies: CD3 FITC (clone HIT3a), CD4 Pacific
blue (clone GK1.5), IL-4 PE (clone 11B11), IL-13 APC (clone SS12B),
CDA45 Brilliant Violet 650 (clone HI30). Fluorescence was detected
using a BD LSR II (BD Biosciences) and data was analysed using
Flow]o Software (version 10.8.1). Representative gating strategy
is shown in Supplementary Fig. S1.

2.3. Acetate measurement

For short-chain fatty acid (SCFA) analysis, the samples were
derivatized prior to gas chromatography-mass spectrometry (GC-
MS) analyses using N-tert-Butyldimethylsilyl-N-methyltrifluoroa
cetamide (MTBSTFA) + 1% tert-Butyldimethylsilyl trifluo-
romethanesulfonate (TBDMCS) as a silylation reagent (Thermo Sci-
entificc, Waltham, MA, USA). Samples 60 pl; in duplicate) were
incubated with 20 pl of reagent for 1 h at room temperature. For
the calibration curve, 60 pl of the acetate standards were dissolved
in acetonitrile (Thermofisher) and derivatized by addition of 20 pl
of reagent for 1 h at room temperature. All samples were run on a
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CP-3800 Gas Chromatograph coupled to a 1200 L Quadrupole MS/
MS (Varian, Palo Alto, CA, USA) using a FactorFour VF-50 ms,
30 m x 0.25 mm x 0.25 mm capillary column (Varian). The carrier
gas was helium and the column flow was 1 ml/min. The injector,
transfer line and MS source were set to 250 °C, 250 °C and
200 °C, respectively. The oven program was as follows: 50 °C initial
for 2 min, then 20 °C/min to 150 °C for 5 min, then 30 °C/min to
250 °C for 5 min. Sample (2 pl) was injected and GC-MS analyses
performed in duplicates. Full scan mass spectra were recorded in
the 50-450 m/z range (1 s/scan). Quantification was done by inte-
gration of the extracted ion chromatogram peaks following ion
species: m/z 117 and 75 for acetate eluted at 5.2 min.

2.4. Cell isolation and generation of murine intestinal organoids from
mouse intestine

Wild type (WT) C57BL/6] mice were sacrificed by cervical dislo-
cation and the small intestine was removed. The intestine was
washed with ice-cold PBS and opened longitudinally. The villi were
scraped out using a glass coverslip and discarded. The tissue was
cut into 2-3 mm pieces, collected in ice-cold PBS and allowed to
settle by gravity. After sedimentation the PBS was discarded, fresh
ice-cold PBS was added and the sample lightly shaken. This wash-
ing procedure was repeated 15-20 times until the supernatant was
clear and no intestinal contents were visible. Following washing,
the tissue was incubated in crypt isolation buffer (2 mM EDTA in
PBS) at 4 °C for 20 min while agitating. After the incubation time
the tissue pieces were sedimented by gravity and the supernatant
was discarded. Fresh ice-cold PBS was added and the Falcon tube
was vigorously shaken to dissociate stem cells from the tissue.
Then the supernatant was collected and marked as fraction #1
and screened for intestinal crypts by microscopy. This step was
repeated 5-6 times until no crypts were detected in the super-
natants. The fractions that were enriched in intestinal crypts were
then filtered through a 70 um cell strainer and centrifuged at 300 g
for 5 min at 4 °C. The supernatant was discarded and the cell pellet
was resuspended in 25 pl/well of Matrigel (Corning, Corning, NY,
USA). This suspension was distributed into a 48-well cell culture
plate. For polymerisation of the Matrigel, the plate was incubated
at 37 °C and 5% CO, for 20 min. After polymerization, 300 pl of
Intesticult Organoid Growth medium (Stem cell, Vancouver,
Canada) were added per well. The organoids were cultured for
7 days and then passaged at least once before they were used for
experiments. Medium was changed every 2 days and the intestinal
organoids were split once per week (Sato et al., 2009).

2.5. Confocal imaging and permeability assay

For the permeability assay, organoids were cultured in 8-well
Ibidi chamber slides for 48 h after splitting prior to imaging, to
keep the organoids from budding. For the confocal imaging a Zeiss
Spinning Disc confocal microscope was used. First positions of the
desired organoids were determined and set for imaging. Then
1 mM lucifer yellow (LY) was added to each well of the chamber
slide. The organoids were imaged for 100 min at intervals of
5 min. To exclude organoids that can’t be permeabilized, 1 mM
EGTA was added and organoids were imaged for another 20 min
at 5 min intervals. For each time point LY fluorescence inside and
outside the organoid was quantified using Image] (version 1.53p).
Organoids that did not become permeable were excluded from
the analysis (Bardenbacher et al., 2019).

2.6. Preparation of fecal supernatants

Intestinal stool samples were obtained from H. polygyrus-
infected and non-infected C57BL/6] mice after 3 weeks of infection.
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The stool samples were suspended in PBS at 10% (wt/vol), homoge-
nised and centrifuged at 4000 g for 10 min at 4 °C. Solid contents
were discarded and the supernatants were passed through a
1.2 um membrane filter (Tajik et al., 2020).

2.7. Generation and collection of H. polygyrus ESPs (HESPs)

For the generation of H. polygyrus ESPs (HESPs), helminths were
washed extensively in sterile PBS supplemented with penicillin
and streptomycin (Gibco, Thermo Fisher), then incubated for 1 h
in RPMI (Gibco, Thermo Fisher) supplemented with penicillin and
streptomycin, and cultured in RPMI plus antibiotics (penicillin,
streptomycin, and gentamicin; Sigma-Aldrich, St. Louis, MO,
USA) and 1% glucose (Sigma-Aldrich). The supernatant was col-
lected every 2 days for a period of 2 weeks, followed by sterile fil-
tration and concentration of the supernatant by centrifugation
through a 10,000 molecular weight cut-off (MWCO) cellulose
membrane (Centriprep; Millipore). Lipopolysaccharide (LPS) con-
tamination was removed from HESPs using an EndoTrap Blue
LPS-binding affinity column (Hyglos GmbH, Bernried, Germany).
The concentration of residual endotoxin was determined using
the Limulus Assay, which has a sensitivity of 0.06 endotoxin
units/ml (6 pg/ml) (Lonza, Bend, USA). The final preparation used
for this study contained 31 pg/ml of LPS in the pyrogen-free HESPs
(P.HESPs) versus 643 pg/ml in the non-purified HESPs (HESPs). The
same batch of pyrogen-free HESP was used for all the experiments
shown in this study.

2.8. Wholemount immunofluorescence staining of intestinal organoids

For immunostaining, organoids were cultured in 8-well Ibidi
chamber slides and treated for 24 h with acetate. After treatment
the organoids were washed three times with ice-cold PBS and
afterwards fixed by incubation with 4% paraformaldehyde for
30 min at room temperature. After fixation organoids were perme-
abilized in 0.5% Triton-X100 diluted in Tris-buffered saline for
30 min at ambient temperature. Rabbit anti claudin-7 primary
antibody (Invitrogen, Waltham, MA, USA) were incubated over-
night at 4 °C. After washing, organoids were incubated with don-
key anti-rabbit secondary antibody (Invitrogen) for 7 h at
ambient temperature. The nuclei were counterstained with DAPI
containing mounting medium. Imaging was performed with a Zeiss
Spinning Disc Axio Z1 live cell observer (Bardenbacher et al., 2019).

2.9. Quantification of spatial disorganisation

Tubular structures in the images were first enhanced using the
Fiji tubeness filter with a smoothing factor of 1.2 pixels. The fil-
tered images were binarized using a manually adjusted global
threshold. The Fiji local thickness plugin was then applied to assign
a local thickness value to each pixel. Pixels with a thickness value
below 6 pixels were found to belong to small bubbles, while pixels
with a local thickness above 6 belonged to cell bodies. Finally, the
ratio of the number of pixels belonging to bubbles and the number
of pixels belonging to cell bodies was calculated for each image.

2.10. Propidiumiodide/annexin V cell viability assay

To detect cell death, murine intestinal organoids were recov-
ered from;three-dimensional (3D) culture using Cell Recovery
Solution (Corning). Afterwards organoids were incubated in
Trypsin-EDTA (0.05%) (Fisher scientific, Waltham, MA, USA) at
37 °C for 10 min to dissociate them into a single cell solution. Sin-
gle cells were stained with 1 pg of annexinV-FITC and 1 pg of pro-
pidiumiodide per 1 x 10° cells for 10 min at ambient temperature,
protected from light. Fluorescence was detected using a Cytoflex S

593

International Journal for Parasitology 52 (2022) 591-601

flow cytometer (Beckman Coulter, Brea, CA, USA) and analysed
using Kaluza analysis software (Beckman Coulter). As a positive
control, cells were radiated with UV light (160 mJ/cm?min) for
5 min to induce apoptosis.

2.11. Trans-well assay

Caco-2 cells (5 x 10°/well) were seeded in 24-well trans-well
inserts with a pore size of 0.4 pm (Greiner Bio-One, Frickenhausen,
Germany). Trans-epithelial electrical resistance was measured
daily until a plateau was reached, to determine cell confluency.
After confluency was reached, FITC-dextran with a size of 3-
5 kDa (Sigma-Aldrich) was added to the inserts for 4 h. Afterwards,
culture media from the well plates were analysed using a fluores-
cence 96-well plate reader Infinite 200 Pro (Tecan, Mdnnedorf,
Switzerland). The excitation and emission wavelengths were 490
and 530, respectively.

2.12. Immunofluorescence staining

Small intestine of infected mice was fixed in 4% formalin for 4 h.
Serial paraffin sections (2 pm) were deparaffinized and rehydrated
in Xylol (ROTI Histol, Carl Roth, Karlsruhe, Germany) and decreas-
ing concentrations of isopropanol. Antigen retrieval was performed
for 15 min at 90 °C in citrate buffer. The slides were washed, then
blocked in 5% milk for 30 min and then stained with rabbit anti-
mouse acetylated-lysine primary antibody (Merck, Darmstadt,
Germany) overnight at 4 °C. After washing, the slides were stained
with Alexa Fluor 647 donkey anti-rabbit secondary antibody (Invit-
rogen). Slides were then mounted with Fluoroshield mounting
medium (Abcam, Cambridge, UK) and analysed using a Leica SP8
confocal microscope.

2.13. Maestro Z impedance measurements

Prior to cell plating, 100 puL of DMEM/2% FBS were added to
each well of CytoView-Z 96-well electrode plates (Axion Biosys-
tems, Atlanta, GA, USA). CytoView-Z plates ware then docked into
the Maestro Z instrument to measure the impedance electrode
baseline. Caco-2 cells (~16,000 cells/well) were then added in
the CytoView-Z plates and left at room temperature for 1 h to
ensure even coverage of the well. Plates containing Caco-2 cells
were then docked into the Maestro Z for up to 96 h at 37 °C/5%
CO, to allow the cells to attach and the monolayer to reach conflu-
ency, as measured by resistance, a component of impedance. The
Maestro Z was used to monitor the resistance of the monolayer
as it formed, very similar to transepithelial electrical resistance
(TEER). In this study, resistance was measured at 41.5 kHz and
1 kHz, which reflects cell coverage over the electrode and strength
of the barrier formed by the cell monolayer, respectively. For acet-
ate treatments, a half media change was performed 3 h prior to
treatment and then 25 pL of pre-warmed DMEM/2% FBS were
added with 0.5 mM or 10 mM acetate. Resistance measurements
were continuously recorded for 48-72 h post-treatment at
37 °C/5% CO, in a humidified environment in the Maestro Z instru-
ment. All plates contained media only, vehicle and acetate-treated
samples. Raw resistance values for each well containing acetate
were normalised to vehicle and to the value at 10 min prior to acet-
ate treatment. Data analyses were performed in Axis Z software
(Axion Biosystems, Atlanta, GA, USA) (Benson et al., 2013).
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3. Results

3.1. Acetate supplementation increases worm burden in H. polygyrus-
infected mice

In line with our previous report on adult H. polygyrus worms
(Zaiss et al., 2015), GC-MS analysis of L3 culture supernatants
showed increased acetate concentrations (Fig. 1A). As secreted
acetate was shown to predominantly drive lysine acetylation
(Daien et al., 2021), we visualised acetate secretion by H. polygyrus
larvae in vivo by histological analysis of acetylated lysine. Indeed,
we found clear positive signals specifically in IECs and lamina pro-
pria cells that had been in contact with H. polygyrus larvae during
tissue invasion (Fig. 1B). Further, to investigate functional conse-
quences of H. polygyrus-secreted acetate for H. polygyrus infectivity,
C57BL/6 WT mice were orally supplemented with 150 mM
sodium-acetate in drinking water starting at O days p.i. with 200
L3s by oral gavage till 13 days p.i. Following our previous publica-
tions (Zaiss et al., 2015; Lucas et al., 2018; Azizov et al., 2020), we
defined supplementation of 150 mM sodium acetate in the drink-
ing water as sufficient to increase serum acetate concentrations
comparable to the H. polygyrus-mediated acetate increase.
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Acetate-supplemented WT mice already showed higher worm bur-
dens at 13 days p.i. (Fig. 1C). FFAR2 and FFAR3 (previously GPR41)
were shown to be activated by different SCFA (Brown et al., 2003;
Brown et al., 2005), whereas acetate was most selective for FFAR2
(Le Poul et al., 2003). While FFAR3~/~ mice were reported to exhi-
bit an unchanged host defense (Zaiss et al., 2015), FFAR2~/~ mice
showed significantly reduced H. polygyrus worm burdens as early
as 13 days p.i. (Fig. 1C). Acetate was shown to elicit various sys-
temic immunomodulatory effects (Nilsson et al., 2003; Sina et al.,
2009; Qiu et al,, 2019; Kim, 2021; Yap et al., 2021) and helminth
infections robustly initiated type 2 immune responses (Lloyd and
Snelgrove, 2018; Moyat et al., 2019). Therefore, we analysed the
gut draining mesenteric lymph nodes (mLN) and the spleen. Flow
cytometry analyses at 13 days p.i. revealed increased IL-13, but
unchanged IL-4, positive CD4 T cells in the spleen (Fig. 1D, E) and
IL-13 positive and IL-4 positive CD4 cells in the mLN (Fig. 1F,G)
of H. polygyrus-infected mice following acetate supplementation.
In summary, oral acetate supplementation promoted H. polygyrus
infectivity whereas loss of the high affinity acetate receptor FFAR2
strongly blunted H. polygyrus infectivity. Given the very early
changes in H. polygyrus worm numbers at 13 days p.i., we next
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Fig. 1. Effects of acetate during Heligmosomoides polygyrus infection in mice. (A) Acetate levels of L3 culture supernatants and controls without larvae (w/o L3) in mmol/l
(n = 3). Values were compared using an unpaired t-test. ***P < 0.001. (B) Immunofluorescence staining with anti-acetylated lysine antibody of H. polygyrus-infected mouse
intestine histological slides (13 days p.i.) with H. polygyrus larvae inside the submucosa of the intestine and uninfected mouse intestine as a staining control (scale bar:
200 pum). (C) Worm count at 13 days p.i. (dpi) of H. polygyrus-infected wildtype and free fatty acid receptor 2 knockout (FFAR2~/~) mice with and without acetate (n = 5).
Values were compared using one-way ANOVA. ****P < 0.0001. (D) IL-13-positive cells in the spleen of naive mice and H. polygyrus-infected mice with and without acetate
treatment (n = 3-5). Values were compared with one-way ANOVA. *P < 0.05, **P < 0.01. (E) IL-4-positive cells in the spleen of naive mice and H. polygyrus-infected mice with
and without acetate treatment (n = 3-5). Values were compared using one-way ANOVA. (F) IL-13-positive cells in the mesenteric lymph node of naive mice and H. polygyrus-
infected mice with and without acetate (n = 3-5). Values were compared using one-way ANOVA. * P < 0.05, *** P < 0.001. (G) IL-4-positive cells in the mesenteric lymph node
of naive mice and H. polygyrus-infected mice with and without acetate treatment (n = 3-5). Values were compared using one-way ANOVA. * P < 0.05.
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investigated potential initial effects of acetate on non-lymphoid
cells.

3.2. Acetate drives epithelial barrier breach in intestinal organoids

As H. polygyrus infections were shown to leave the intestinal
epithelium layer during tissue invasion intact (Sutton et al.,
2008) we explored the direct effect of acetate on epithelial barrier
permeability in intestinal organoids. Stem cell-derived organoids,
compared with spheroids or 2D cell layers, have an in-vivo-like cell
composition, and consequently represent a superior system to test
effects of effector molecules on the epithelial barrier.

Functional, time-resolved barrier integrity assays of intestinal
organoids were described previously (Bardenbacher et al., 2019)
and applied to our experiments. As acetate was shown to be
secreted by adult H. polygyrus (Zaiss et al., 2015), we first stimu-
lated intestinal organoids with HESPs, or live H. polygyrus L3s,
and analysed intestinal barrier integrity using confocal spinning
disc live cell microscopy at 5 min intervals for a period of
70 min. Therefore, LY fluorochrome was added to the intestinal
organoid cell cultures to evaluate the intact functional barrier
integrity. This resulted in exclusion of LY in the organoid lumen
while intraluminal accumulation of LY over time indicated a
breach in barrier integrity. In each experimental setup the final
addition of EGTA caused an non-specific breakdown of intestinal
barrier integrity by sequestering essential tight junction cofactors
and was used as a positive control at the end of the experiment
to demonstrate the ability of the individually analysed organoids
to take up LY intra-luminally (Bardenbacher et al.,, 2019). When
stimulated with HESPs or co-cultured with L3s, intestinal orga-
noids showed increased permeability compared with PBS-treated
control organoids as shown by a significantly higher inside/outside
fluorescence ratio (Fig. 2A). Interestingly, 20-50 mM acetate treat-
ment - our identified effector molecule secreted by H. polygyrus
((Zaiss et al., 2015 and Fig. 1A) - showed similar effects on orga-
noid permeability as shown for HESPs and L3s (Fig. 2B). A physio-
logical mixed combination of the most relevant SCFA (60% acetate,
20% propionate and 20% butyrate) revealed that only acetate
increased barrier permeability as opposed to just propionate and
butyrate alone, and the physiological SCFA mix showed values in
between the single treatments (Supplementary Fig. S2A). Further,
additional results from 2D Caco2 monolayers using larger 4 kDa
FITC-dextran molecules confirmed this finding for larger molecules
(Supplementary Fig. S2B). To exclude treatment-induced apoptosis
or necrosis in IECs as an underlying and unifying mechanism of the
adverse effects of acetate, PI/AnnexinV-FITC staining and whole-
mount immunofluorescence-activated caspase-3 staining were
conducted, which repeatedly showed unchanged viability
(Fig. 2C, D). Moreover, no macroscopic morphological changes
were visible following acetate stimulation with relevant concen-
trations (Fig. 2E). To further demonstrate the effect of acetate on
barrier permeability in a human system, we applied TEER mea-
surements in the human epithelial cell line Caco-2. Non-invasive,
continuous cell monitoring in a controlled environmental chamber
allowed electrical resistance measurements over time in a 96-well
format using the Axion Maestro Z system. In this setting, an already
low acetate concentration of 0.5 mM resulted in significantly
increased Caco-2 permeability (Fig. 2F, G).

To address additional LPS-derived effects on barrier permeabil-
ity (Feng et al., 2018), in combination with acetate, intestinal orga-
noids were stimulated with 10 pg/ml of LPS. The addition of
0.5 mM acetate further increased LPS-induced permeability
(Fig. 2H), suggesting that acetate can increase intestinal permeabil-
ity under inflammatory conditions.
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3.3. Loss of FFAR2 prevents acetate-induced and L3-induced barrier
breach

SCFA can be absorbed by passive diffusion or be transported
into the cell by substrate transporters to induce multiple effector
functions (den Besten et al., 2013; Lu et al., 2013; Sivaprakasam
etal., 2016; Parada Venegas et al., 2019a). SCFA also signal through
the metabolite-sensing G protein-coupled receptor FFAR, with
acetate showing the highest binding affinity for FFAR2. In contrast
to our results using WT (Fig. 2), FFAR2~/~ organoids were resistant
to 50 mM acetate and HESP treatment, and preserved intact barrier
integrity (Fig. 3A, B). However, a tendency towards stronger per-
meability remained following HESP stimulation in FFAR2~/~ orga-
noids (Fig. 3A), which could be attributed to other active
components in HESPs (Johnston et al., 2015; White et al., 2020).
We previously showed that H. polygyrus increases SCFA levels at
25 days p.i., with the highest concentrations of acetate in the small
intestinal contents (Zaiss et al., 2015) of infected mice. Therefore,
in a more physiological approach we further investigated if fecal
supernatants (FSN) - as recently described (Tajik et al., 2020) -
derived from intestinal content samples of naive (FSN-naive) ver-
sus H. polygyrus-infected (FSN-Hp) mice maintain or interrupt the
barrier integrity, respectively. Here we collected FSN after 3 weeks
of H. polygyrus infection, because acetate levels were not signifi-
cantly increased in intestinal contents at 13 days p.i. We suggest
that L3s increase acetate locally at their site of tissue invasion,
but do not increase the overall intestinal acetate concentration sig-
nificantly at this stage due to low worm numbers. In both WT
(Fig. 3C) and FFAR2/~ (Fig. 3D) organoids, FSN-naive did not
change the barrier permeability as shown by non-elevated LY flu-
orescence inside/outside ratios. Strikingly, the FSN-Hp treatment
increased the permeability only in WT organoids, whereas no per-
meability modulating effects were observed in FFAR2~/~ organoids
(Fig. 3C, D). Further, results following lipid removal of FSN derived
from H. polygyrus-infected WT mice (Supplementary Fig. S2C, D)
suggests that the non-lipid compartment carries most effector
molecules responsible for increased barrier permeability in WT
organoids (Supplementary Fig. S2C). However this non-lipid com-
partment is ineffective in increasing barrier permeability in
FFAR2—/— organoids (Supplementary Fig. S2D). As acetate dis-
solves well in water, this dataset further supports our findings of
the importance of FFAR2 receptor engagement. For co-incubation
of organoids with L3s, a similar trend was seen (Fig. 3E). This sup-
ports our hypothesis that intestinal barrier breach of L3s is at least
partially mediated by secreted acetate and that higher intestinal
acetate levels are beneficial for H. polygyrus. Of note, no macro-
scopic morphological changes were induced by naive or FSN-Hp
during the uptake assay (Fig. 3B). This supports our hypothesis that
the increased acetate levels in FSN-Hp elicits its barrier permeabi-
lizing effect via binding to FFAR2 on IECs rather than by inducing
apoptosis or dissociation of the epithelial cells within the
organoids.

3.4. Acetate drives Claudin-7 subcellular localization

The regulation of immune cell function by SCFA is manifold and
was shown to also impact the intestinal barrier permeability by
modulating tight junction (TJ) proteins in IECs (Ohata et al,,
2005; Elamin et al., 2013; D’Souza et al., 2017; Feng et al., 2018).
Claudins are the major T] proteins which are critical for maintain-
ing intestinal barrier function (Angelow et al., 2008; Fasano, 2012;
Landy et al., 2016). Other than ZO-1 mRNA expression, occluding
and typical T] claudin mRNA expression remained unchanged
(Fig. S2E). However, we observed a disrupted localization of
claudin-7 in acetate-treated WT organoids whereas FFAR2 /- orga-
noids remained unaffected (Fig. 4A, B, C). In acetate-treated orga-
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Fig. 2. Acetate mediates barrier permeability in murine intestinal organoids and Caco-2 cells. (A and B) Inside/outside fluorescence ratio of murine intestinal organoids over a
time course of 80 min. Afterwards EGTA was added to open up all organoids as positive control. Organoids were stimulated with Heligmosomoides polygyrus excretory-
secretory products (HES) (diluted 1:500), 200 Heligmosomoides polygyrus L3s per well or acetate (n = 6-10). Values were compared using two-way ANOVA. **P < 0.01,
***P < 0.001. (C) Percentage of annexin V-negative, propidiumiodide-negative cells, representing living cells, isolated from organoid culture that were either untreated or
treated with acetate, HES or fecal supernatant. UV-radiated cells serve as a positive control (n = 3). (D) Paraformaldehyde-fixed organoids were stained with rabbit anti-
cleaved-caspase-3 antibody (scale bars: 50 um). (E) Morphology of treated and untreated organoids in a differential interference contrast picture (scale bars: 50 pum). (F)
Quantification of transepithelial electrical resistance at the 10 h timepoint (n = 5). Values were compared using one-way ANOVA. *P < 0.05. (G) Transepithelial electrical
resistance measurement of Caco-2 cell monolayers, stimulated with 0.5 mM or 10 mM, over 12 h at 1 min intervals. (H) Inside/outside fluorescence ratio of murine intestinal
organoids over a time course of 85 min. EGTA was added to open up all organoids as a positive control. Organoids were stimulated with 1 ng/ml of lipopolysaccharide alone or
lipopolysaccharide together with acetate (n = 6-10). Values were compared using two-way ANOVA. ***P < 0.001.

noids the claudin-7 staining showed a bubble formation in the
intracellular space, similar to the observations of Su et al. (2011)
in colonic epithelial cells of H. polygyrus-infected mice. A possible
explanation for this is that intercellular T] are destroyed upon acet-
ate stimulation and therefore cells lose cell-cell membrane con-

596

tact. As changes in claudin-7 subcellular localisation have been
shown to disrupt epithelial barrier function (Bardenbacher et al.,
2019), these results pose a hint that claudin-7 delocalization is
involved in an H. polygyrus acetate-derived epithelial barrier
breach.
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Fig. 3. Murine intestinal organoids of free fatty acid receptor 2 knockout (FFAR27/~) mice are resistant to acetate-induced increased permeability. (A) Inside/outside
fluorescence ratio of murine intestinal organoids from FFAR2~/~ mice over a time course of 95 min. Organoids were stimulated with Heligmosomoides polygyrus excretory-
secretory products (HES) or acetate (n = 6-10). Values were compared using two-way ANOVA. Afterwards EGTA was added to open up all organoids as a positive control. (B)
Confocal laser fluorescence images of wildtype and FFAR2~/~ organoids at 0 min and 70 min within the lucifer-yellow-fluorescence-based uptake assay (scale bars: 50 pm).
FSN, fecal supernatant. (C and D) Inside/outside fluorescence ratio of murine intestinal organoids from FFAR2~/~ mice or wildtype mice over a time course of 80 min.
Afterwards EGTA was added to open up all organoids as a positive control. Organoids were stimulated with fecal supernatant from Heligmosomoides polygyrus-infected (Hp) or
uninfected (w/o Hp) mice (n = 6-10). Values were compared using two-way ANOVA. ***P < 0.001. (E) Inside/outside fluorescence ratio of murine intestinal organoids from
FFAR2~/~ mice or wildtype mice over a time course of 80 min. Afterwards EGTA was added to open up all organoids as a positive control. Organoids were stimulated with 200
H. polygyrus L3s per well (P = 6-10). Values were compared using two-way ANOVA. **P < 0.01, ***P < 0.001.

4. Discussion

It has been shown that helminth infections cause an intestinal
barrier breach as a consequence of the host’s immune response
(Suetal., 2011; Wolff et al., 2012; McKay et al., 2017). It is crucial
to differentiate between this secondary barrier breach, following
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the provoked immune response that is beneficial to the host, sup-
porting the expulsion of the invading parasite (Anthony et al.,
2007), and the here investigated initial barrier breach, preceding
the immune response and benefiting the parasite in its attempt
to enter the intestinal tissue (Behnke et al., 2009; Johnston et al.,
2015).
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Fig. 4. Acetate treatment disorganizes Claudin-7 localization in murine intestinal organoids. (A) Wildtype and free fatty acid receptor 2 knockout (FFAR2~/~) organoids after
24 h of acetate treatment (10 mM) stained for tight junction protein claudin-7. Original confocal images were processed using the FIJI tubeness filter plugin and afterwards
local thickness was quantified using FIJI software. Darker colors mark small areas, e.g. areas of claudin-7 subcellular dislocalization, white color marks the biggest areas, e.g.
cells. Treatment with PBS serves as a control (scale bars: 50 pm). (B) Quantification of local thickness analysis shows the number of pixels that fall under the threshold divided
by the number of pixels that fall above the threshold (n = 3). Values were compared using one-way ANOVA. **P < 0.01. (C) Representative picture of claudin-7 staining (left)
and a tubeness filtered image in an acetate-treated wildtype organoid. Asterisks indicate areas of claudin-7 subcellular dislocalization (scale bars = 10 um).

It was shown that ESPs from Haemonchus contortus, Teladorsagia firmed these observations for HESPs. Even minor changes in
circumsincta and Trichuris suis increase intestinal epithelial perme- paracellular permeability were shown to allow the diffusion of
ability (Hiemstra et al., 2014; Rehman et al., 2016) and we con- immunomodulatory ESPs through the epithelial barrier and modu-
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lation of lamina propria dendritic cell (DC) function, and pro-
inflammatory cytokine secretion (Massacand et al., 2009;
Hiemstra et al., 2014). Therefore, acetate-mediated increased para-
cellular permeability would allow H. polygyrus L3s to prime lamina
propria lymphocyte function behind the epithelial barrier prior to
their actual epithelial penetration. Knowing the crucial role of
epithelial cell-derived alarmins such as IL-25, IL-33 and thymic
stromal lymphopoietin (TSLP), and reports showing that helminth
ESP modulates their secretion (Hiemstra et al., 2014), it would rep-
resent an additional beneficial mechanism to target the lamina
propria lymphocytes directly. However, the exact ESP-derived
effector molecule responsible for this effect on barrier permeability
remains unknown (Faniyi et al., 2020). Here we identified the SCFA
acetate - that was shown to be also secreted by other helminths
(Tielens et al., 2010) - as one key effector molecule promoting
intestinal epithelial permeability via FFAR2 binding on IEC. This
effect could be partly mediated through delocalization of the T]
protein claudin-7. We focused on claudin-7 as there had been
major differences observed following acetate treatment and it
was shown that epithelial claudin-7 knockout leads to an imbal-
ance in the paracellular flux of intestinal small organic solutes, pro-
motes the degradation of intestinal extracellular matrix and
induces intestinal inflammation (Tanaka et al., 2015). Claudin-7
is highly expressed in IECs of mice (Fujita et al., 2006) and was
shown to be essential for steady state barrier function (Lioni
et al., 2007; Wang et al., 2018; Xing et al., 2020). Its dysregulation
or disorganisation leads to lowered E-cadherin expression as well
as lowered cell-cell adhesion (Lioni et al., 2007). Su et al. (2011)
also showed that infection with H. polygyrus changes colonic
epithelial T] morphologies. Similar changes are also seen in the
intestinal organoid claudin-7 staining in the current study.

We previously showed that intestinal acetate concentrations
are significantly increased during later stages of helminth infection
(Zaiss et al., 2015). This is due to the acetate production by hel-
minths but also due to the altered host intestinal microbiota com-
position (Zaiss et al.,, 2015). These results suggest that acetate is
also beneficial to helminths during the chronic phase of infection.
It has been shown that H. polygyrus has the ability to change the
host immune response (Massacand et al., 2009; Grainger et al.,
2010; Mosconi et al., 2015) and that this is at least partially medi-
ated by SCFA binding to free fatty acid receptors (Zaiss et al., 2015).
However, the permeability increasing effect of acetate shown in
this study might contribute to this as well.

There are reports about the proven beneficial effect on inflam-
matory bowel disease (IBD) - an impaired intestinal barrier disease
- following helminth infections (Hunter and McKay, 2004; Sipahi
and Baptista, 2017; Maruszewska-Cheruiyot et al., 2018) which,
at first glance, are obviously contradictory to our finding. However,
the amelioration of IBD by helminths is based on the induction of
protective adaptive immune responses such as regulatory T-cells
following infection (Finney et al., 2007; Setiawan et al., 2007)
and independent of our results observed here, have an initial and
locally limited effect on IEC permeability.

Interestingly, Feng et al. (2018) recently showed in Caco-2 cell
line monolayers that besides the well-known barrier protective
effects of the SCFA butyrate (Peng et al., 2007, 2009; Parada
Venegas et al., 2019b), acetate alone or in combination with buty-
rate increased transepithelial resistance as measured by a standard
Millicell-ERS voltohmmeter. A combination of SCFA (acetate, pro-
pionate and butyrate) was shown to prevent LPS-induced barrier
dysfunction (Feng et al., 2018). However, in our hands only acetate
increased barrier permeability as opposed to just propionate and
butyrate - most likely through previously described effects of
butyrate on histone deacetylases (HDAC) activity (Davie, 2003;
Steliou et al., 2012; Chriett et al., 2019). Acetate treatment alone
further enhanced epithelial permeability assessed using the fully
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automatic live Maestro Z system. Our observations were further
confirmed by functionally and physiologically relevant ex vivo
organoid experiments where acetate effects could be rescued by
a lack of FFAR2 expression in IECs. The discrepancies observed in
Caco-2 experiments between the two studies may be explained
by different experimental settings, such as timing and duration
of acetate treatment or the level of confluence of Caco-2 cells.

What remains to be addressed in future is the question about
the actual source of acetate during H. polygyrus infection. We
showed in our previous publication that mature H. polygyrus L5s
secrete detectable amounts of acetate in the ex vivo culture super-
natants (Zaiss et al., 2015) In this ex vivo H. polygyrus L5 culture,
antibiotics are added to maintain the culture sterility for up to
14 days and any bacterial contamination can be excluded. That
strongly suggests that the detected ex vivo H. polygyrus L5 culture
acetate levels were H. polygyrus-derived. However, at the same
time intestinal content acetate levels were below the detection
limit in antibiotic-treated mice over 4 weeks, highlighting the
essential requirement for the microbiota to ferment fiber-rich diets
into SCFAs such as acetate (Zaiss et al., 2015). Together with our
here presented findings that in supernatants form ex vivo H. poly-
gyrus L3s acetate levels can be detected, we must conclude that
vast majority of acetate found in serum derives from the micro-
biota and the in vivo H. polygyrus-secreted acetate can only locally
influence the surrounding tissue microenvironment. However, it
would be wrong to separate these two findings, as they are some-
how interconnected. If we look at acetate concentrations in sera
and intestinal contents over time in H. polygyrus-infected mice,
we see a 2-3-fold increase over the naive setting (Zaiss et al.,
2015). As we also clearly showed that H. polygyrus changes the
microbiota composition (Rapin et al., 2020), it must be a combina-
tion of both H. polygyrus and microbiota-derived acetate. At this
time, we can only speculate that H. polygyrus-sourced acetate
might be one mechanism in the process of the microbiota being
modulated in favor of more microbiota-derived acetate. It was
shown that acetate could be taken up from particular bacteria as
an energy source, thereby providing a competitive advantage that
allows microbial changes.

In conclusion, our study unravels a new mechanism for
helminth-derived SCFA acetate in modulating intestinal barrier
function. Future studies need to address the downstream signaling
following acetate FFAR2 activation and its direct effects on TJ delo-
calization and assembly. Mucin-inducing properties of acetate
(Takeuchi et al., 2021), as well as modulations of the microbiota
composition, in addition to its effects on the paracellular perme-
ability, should also be considered in future studies. As a final note,
the mechanisms involved in alcohol abuse leading to disruption of
intestinal barrier integrity and increasing permeability is not yet
completely understood (Calleja-Conde et al., 2021). Excessive alco-
hol consumption was shown to increase acetate concentrations,
the primary metabolic end product of ethanol (Azizov et al.,
2020), and could thereby impact intestinal barrier function as a
matter for speculation. At the same time, moderate ethanol con-
sumption together with systemically increased acetate concentra-
tions were reported to have anti-inflammatory effects (Azizov and
Zaiss, 2021) by modulating proper local T follicular helper cell
functions (Azizov et al., 2020). Taken together, these results under-
line the idea of a spatial- and concentration-dependent effect of
acetate.
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